Acute muscular fatigue is associated with the development of oxidative stress in humans. Strenuous contraction increases free radical production by human limb muscle (1) and fatiguing exercise alters biochemical indices of oxidative stress including glutathione status (2, 3) and markers of lipid peroxidation (4, 5). Such biochemical changes can be inhibited by chronic supplementation with antioxidant vitamins (4, 5) but nutritional supplements have not improved exercise performance (6-9). Thus, experiments to date have not determined whether oxidative stress is a cause of muscular fatigue in humans or simply an effect.
Introduction N-acetylcysteine (NAC) is a nonspecific antioxidant that selectively inhibits acute fatigue of rodent skeletal muscle stimulated at low (but not high) tetanic frequencies and that decreases contractile function of unfatigued muscle in a dose-dependent manner. The present experiments test the hypothesis that NAC pretreatment can inhibit acute muscular fatigue in humans. Healthy volunteers were studied on two occasions each. Subjects were pretreated with NAC 150 mg/kg or 5% dextrose in water by intravenous infusion. The subject then sat in a chair with surface electrodes positioned over the motor point of tibialis anterior, an ankle dorsiflexor of mixed-fiber composition. The muscle was stimulated to contract electrically (40-55 mA, 0.2-ms pulses) and force production was measured. Function of the unfatigued muscle was assessed by measuring the forces produced during maximal voluntary contractions (MVC) of ankle dorsiflexor muscle groups and during electrical stimulation of tibialis anterior at 1, 10, 20, 40, 80 , and 120 Hz (protocol 1). Fatigue was produced using repetitive tetanic stimulations at 10 Hz (protocol 1) or 40 Hz (protocol 2); intermittent stimulations subsequently were used to monitor recovery from fatigue. The contralateral leg then was studied using the same protocol.
Pretreatment with NAC did not alter the function of unfatigued muscle; MVC performance and the force-frequency relationship of tibialis anterior were unchanged. During fatiguing contractions stimulated at 10 Hz, NAC increased force output by -15% (P < 0.0001), an effect that was evident after 3 min of repetitive contraction (P < 0.0125) and persisted throughout the 30-min protocol. NAC had no effect on fatigue induced using 40 Hz stimuli or on recovery from fatigue. N-acetylcysteine pretreatment can improve performance of human limb muscle during fatiguing exercise, suggesting that oxidative stress plays a causal role in the fatigue process and identifying antioxidant therapy as a novel intervention that may be useful clinically.
(J. Clin. Invest. 1994 . 94:2468-2474.) Key words: skeletal muscle * excitation-contraction coupling -fatigue * oxidative stress * free radicals Acute muscular fatigue is associated with the development of oxidative stress in humans. Strenuous contraction increases free radical production by human limb muscle (1) and fatiguing exercise alters biochemical indices of oxidative stress including glutathione status (2, 3) and markers of lipid peroxidation (4, 5) . Such biochemical changes can be inhibited by chronic supplementation with antioxidant vitamins (4, 5) but nutritional supplements have not improved exercise performance (6) (7) (8) (9) . Thus, experiments to date have not determined whether oxidative stress is a cause of muscular fatigue in humans or simply an effect.
In order to establish a cause/effect relationship, it is critical to demonstrate that exogenous antioxidants inhibit the loss of mechanical function during fatigue. This study tested this relationship using an experimental design that differs from previous human studies in two aspects. First, rather than using chronic nutritional supplements, we pretreated subjects with the nonspecific antioxidant N-acetylcysteine (NAC)' (10) by intravenous infusion immediately before fatiguing exercise. Second, rather than using volitional exercise to induce peripheral fatigue, we electrically stimulated tibialis anterior to repetitively contract under quasi-isometric conditions. This technique was developed previously (11) to evoke peripheral fatigue in the absence of central neural processes (e.g., inhibitory reflexes, coordination, motivation, learning) that can importantly influence volitional performance. Data from two experimental protocols were used to test three hypotheses. Hypothesis 1. N-acetylcysteine inhibits fatigue of human tibialis anterior during low-frequency stimulation. Repetitive tetanic contractions produced using low stimulus frequencies cause mechanical losses and energetic changes that closely mimic muscular fatigue under physiologic conditions (12) . Nacetylcysteine inhibits fatigue of isolated muscle bundles during low-frequency stimulation in vitro (13, 14) and intravenous infusion of N-acetylcysteine 150 mg/kg inhibits fatigue of rabbit diaphragm in situ (15). We used similar methodology to test N-acetylcysteine effects on fatigue of human limb muscle during low-frequency stimulation (protocol 1).
Hypothesis 2. Fatigue stimulated at high frequency and acute recovery from fatigue are unaffected by N-acetylcysteine. Repetitive tetanic contractions produced using high stimulus frequencies causes rapid loss of mechanical function that has a different cellular mechanism than fatigue induced using low stimulus frequencies (12) . Termination of either low-or highfrequency stimulation permits reversal of fatigue and recovery of mechanical function. A limited amount of data from animal experiments suggest that antioxidant administration may not affect either fatigue induced using high stimulus frequencies (16, 17) or acute recovery from fatigue (15, 17) but such interventions have not been evaluated in humans. We therefore tested N-acetylcysteine effects on fatigue at high stimulus frequencies (protocol 2) and on recovery from fatigue (protocols 1 and 2).
Hypothesis 3. Systemic administration of N-acetylcysteine 150 mg/kg does not alter the strength or contractile properties of unfatigued muscle. N-acetylcysteine depresses the contractile properties of unfatigued muscle studied in vitro (14) . This effect is dose-dependent ( 14) , however, and systemic administration of N-acetylcysteine 150 mg/kg to anesthetized rabbits does not depress contractile function of unfatigued diaphragm (15). Accordingly, we hypothesized that the same dose of N-acetylcysteine administered to humans would not decrease the strength or contractile properties of unfatigued limb muscle (protocol 1).
Methods

Subjects
We recruited 10 healthy men for this study; 3 participated in both protocols. On average they were 32 yr old (±7 SD) and weighed 75 kg (±12 SD). Each gave informed consent and was studied using procedures approved by the Baylor Institutional Review Board for Human Research. Subjects refrained from strenuous exercise for 48 h before each experiment. Right and left tibialis anterior muscles were tested in each of five subjects using protocol 1; 16 muscles from eight subjects were tested using protocol 2.
Drug administration
The prevalence and severity of reactions to N-acetylcysteine (see Re- sults) made it impossible to blind investigators or subjects. In each protocol, therefore, a cross-over design was used. Subjects were studied on two occasions, one treatment trial and one control trial, such that each muscle served as its own control. Immediately before every trial, a physician investigator placed a 22-gauge catheter in the subject's forearm vein and 500 ml of 5% dextrose in water was administered by infusion pump over 1 h. For treatment trials, the infusion contained pyrogen-free N-acetylcysteine (Mucomyst Intravenous; Apothecon, Princeton, NJ) 150 mg/kg. The subject was continually monitored by the attending physician for signs and symptoms of N-acetylcysteine reaction. Diphenhydramine hydrochloride (Benadryl; Parke-Davis, Morris Plains, NJ) was administered by intravenous injection as needed to lessen side-effects during N-acetylcysteine infusion. All but one subject received an initial 5-mg bolus 15 min after the N-acetylcysteine infusion began; additional 5-mg injections were administered as required to minimize discomfort. Cumulative diphenhydramine doses ranged from 0-25 mg and averaged 13.5 mg±7.5 SD. For control trials, the infusion did not contain N-acetylcysteine but diphenhydramine was administered using the same dosage and schedule as in treatment trials. To insure complete recovery between trials, treatment and control trials were performed 5-7 d apart. The order of control and treated trials was varied among subjects.
Muscle preparation
Isometric force development was measured during maximum voluntary contraction (MVC) of ankle dorsiflexors and during electrically evoked contractions of the tibialis anterior muscle as described previously ( 11).
In brief, each subject was seated with knees and ankles at 90 degree angles and each foot resting on a rigid foot plate. Straps were placed around the subject's waist, thighs, and knees and a towel roll was placed between the knees in order to keep the subject in a stable position. Each foot support was equipped with a strain gauge to measure the forces developed by ankle dorsiflexor muscle groups including tibialis anterior. The strain gauge was calibrated before experiments by applying graded loads of known weight. Results N-acetylcysteine effects on development and reversal of fatigue Low-frequency stimulation. During repetitive low-frequency stimulation ( Fig. 2 ), force fell progressively over 30 min. The rate of decline was biphasic, falling rapidly over the first 5-10 min and more slowly thereafter. N-acetylcysteine inhibited fatigue under these conditions. Compared to control trials, the forces produced by treated muscles were significantly elevated after 3 min of activity and remained elevated throughout the remainder of the trial. Fig. 3 depicts the time-averaged responses of individual muscles. Over the entire protocol, N-acetylcysteine treatment enhanced average force output in six of eight muscles studied. Data in Fig. 4 depict acute recovery from fatigue produced using low-frequency stimulation. During the first 3 min, force developed at 10 Hz increased from 39 to 66% of the prefatigue level. This increase was unaffected by N-acetylcysteine.
High-frequency stimulation. Fatigue induced using highfrequency stimulation (Fig. 5) resulted in a rapid, biphasic decrease in force to 34% of prefatigue values. Acute recovery was more complete than in low-frequency trials; average force increased to 84% of the prefatigue level within 3 min. Both fatigue at 40 Hz and recovery were insensitive to N-acetylcysteine; forces were not different between treated and control trials at any time point.
N-acetylcysteine effects on unfatigued muscle N-acetylcysteine treatment did not influence volitional performance of MVC maneuvers (Table I) . Maximal forces developed using ankle dorsiflexor muscle groups ranged from 266 to 540 N and did not differ after treatment in either protocol. The response of tibialis anterior to electrical activation also was unaltered by N-acetylcysteine. Within each protocol, stimuli applied to the motor point during treated and control trials were matched for current intensity and produced equivalent contractile responses (Table I) . Combining data from control and treated trials, maximal tetanic (80 Hz) stimulation of tibialis anterior generated forces that averaged 34% of MVC (±2); forces developed at the beginning of fatigue protocols averaged 11%±l (10 Hz) and 38%±2 (40 Hz) of MVC. As shown in Fig. 6 , force development and stimulation frequency exhibited a typical sigmoidal relationship that was shifted down and to the right following fatigue produced using low-frequency stimulation. N-acetylcysteine had no effect on this relationship in either condition.
Systemic reactions to N-acetylcysteine We observed the signs and symptoms listed in Table II Fig. 7 show that the incidence of side effects increased progressively during the first 45-50 min of N-acetylcysteine tively inhibited by pretreating individuals with an exogenous antioxidant.
Electrically stimulated fatigue. In this study, we produced peripheral fatigue in human tibialis anterior using a previously developed technique ( 11 ) that provides tight control over experimental conditions. The muscle is activated electrically using repetitive trains of tetanic stimuli and isometric force is measured. Fatigue is characterized by a monotonic fall in force that is proportional to duty cycle, is highly reproducible for individual muscles, and reverses when stimulation ceases (11) . Protocols 1 and 2 produced comparable degrees of fatigue (declines in relative force) using either low or high stimulus frequencies, interventions that are thought to produce fatigue by different cellular mechanisms. Fatigue produced using low stimulus frequencies closely approximates the biochemical changes that occur during volitional exercise: progressive decreases in developed force are associated with lactic acidosis and accumulation of inorganic phosphate which contribute directly to mechanical failure by inhibiting actin-myosin interaction ( 12) . Fatigue induced using low stimulus frequencies preferentially depresses tetanic force development at low frequencies with relatively less effect on force output at high frequencies (20) as observed in this study. Recovery from this form of fatigue is a slow process that typically requires hours to days for complete reversal, another characteristic that mimics volitional fatigue (20) . Our measurements of acute recovery reflect only the initial phase of this extended process. Fatigue produced by high-frequency stimulation causes loss of contractile function by a different mechanism that is characterized by failure of t-tubule depolarization, decreased Ca2+ release from the sarcoplasmic reticulum, and disruption of excitation-contraction coupling (12) . The ionic imbalance in the ttubules undergoes rapid reversal once muscle stimulation ceases contributing to the rapid recovery of mechanical function that we observed. The physiological relevance of this form of fatigue remains controversial (12) .
Antioxidants and muscle fatigue. Fatigue induced using low stimulus frequencies was inhibited by systemically pretreating subjects with N-acetylcysteine. Our findings are similar to data obtained from anesthetized rabbits by Shindoh and colleagues (15) who evaluated N-acetylcysteine effects on diaphragm strips in situ. During a 20-min protocol of low-frequency stimulation via the phrenic nerve, isometric force declined more slowly in animals that had been pretreated by intravenous infusion of N-acetylcysteine 150 mg/kg than in untreated animals. As in our study, Shindoh et al. observed that acute recovery from fatigue and the force-frequency relationship were unaffected by this dose of N-acetylcysteine. Systemic pretreatment with other antioxidant compounds also has been shown to blunt peripheral fatigue. Barclay and Hansel (21) reported that intravenous administration of either deferoxamine, dimethyl sulfoxide, or allopurinol can slow the fall of isometric force during repetitive, low-frequency stimulation of canine gastrocnemius in situ. Antioxidant administration is not uniformly beneficial, however. Fatigue induced using high stimulus frequencies has not been influenced by antioxidant pretreatment either in the present human studies or in studies of isolated rodent muscle (16, 17) . Long-term supplementation of antioxidant nutrients has not improved human exercise endurance (6) (7) (8) (9) nor has systemic administration of oxygen radical scavengers influenced electrically stimulated fatigue of canine limb muscle in situ (22) . Negative results suggest that antioxidant efficacy may depend critically on the agent administered, the dosage, and the pattern of muscular activity used to induce fatigue.
Little presently is known about the mechanism(s) by which N-acetylcysteine and other antioxidants inhibit fatigue. In vitro studies of curarized, directly stimulated muscle have shown that N-acetylcysteine ( 13, 14) and other antioxidants ( 16, 17) can inhibit fatigue via direct effects on the myocyte. Presumably, exogenous antioxidants remove reactive oxidants (e.g., free radicals, hydroperoxides) that are produced during strenuous muscular contractions (1, 17, 23, 24) thereby limiting development of oxidative stress and maintaining redox-sensitive functions within the cell closer to prefatigue levels.
In theory, direct effects of N-acetylcysteine on fatiguing muscle may have been enhanced by indirect effects of the drug on muscle perfusion. Pharmacologic vasodilators can inhibit peripheral fatigue (25) and N-acetylcysteine has vasodilatory activity, potentiating the effects of endogenous nitric oxide (26) and increasing organ blood flow (27) under certain conditions. N-acetylcysteine did not alter blood pressure or heart rate in our subjects. Blood flow to the working muscle was not measured, however, and the effect of N-acetylcysteine on exercise hyperemia or control of muscle blood flow has not been investigated. Vasodilation therefore cannot be ruled out as a potential mechanism of action.
N-acetylcysteine pharmacology. N-acetylcysteine (MW 163 ) is a sulfhydryl-containing antioxidant used clinically as an acute antidote to acetaminophen overdose and as a pulmonary mucolytic agent (10) . N-acetylcysteine reacts nonspecifically with a wide variety of reactive oxidants, including free radicals and reactive oxygen intermediates. N-acetylcysteine has not been shown to cross the sarcolemma but can directly inactivate electrophils in the extracellular compartment via either reduction or conjugation reactions. N-acetylcysteine may indirectly exert intracellular effects by serving as a source of reduced cysteine and thereby supporting glutathione biosynthesis. This is the predominant mechanism of action in acetaminophen-induced hepatotoxicity (28) . The mechanism of N-acetylcysteine action in skeletal muscle is poorly characterized and the relative importance of direct vs. indirect antioxidant activities has not been examined.
Systemic pharmacokinetics of N-acetylcysteine have been described in humans by Olsson and colleagues (29) . Intravenous infusion of 150 mg/kg over 15 min achieves a mean plasma concentration of 3.4 ,umol/liter (±+0.8 SE) that is maximal at end-infusion. The plasma concentration of total N-acetylcysteine declines with a half-life of -5.5 h whereas reduced N-acetylcysteine disappears more rapidly (half-life 1.97 h) due primarily due to formation of mixed disulfides with plasma proteins. The volumes of distribution for total and reduced Nacetylcysteine are 0.47 and 0.59 liter/kg, respectively.
In the absence of acetaminophen toxicity, the side effects of intravenous N-acetylcysteine administration are poorly understood. This is the first prospective analysis in normal subjects. Systemic reactions to N-acetylcysteine were anaphylactoid and dose dependent as reported retrospectively after acute treatment of paracetamol overdose (30, 31) . The incidence and intensity of the reactions that we observed were unexpectedly high. All Clinical relevance. Premature fatigue of limb muscles impairs patient mobility in a variety of neurologic disorders, cardiovascular diseases, and primary myopathies. Fatigue of the respiratory muscles may have more serious consequences, resulting in ventilatory insufficiency and mechanical ventilation. Accordingly, pharmacologic compounds that might inhibit fatigue of limb and respiratory skeletal muscles have been the focus of extensive research but no effective intervention has yet been identified (6, 8, 32, 33) .
In this study, N-acetylcysteine increased the forces sustained during peripheral fatigue by -15%. An increment of this magnitude could be beneficial (imagine, for example, the potential advantage to an Olympic athlete) but is not necessarily the upper limit of antioxidant efficacy. Shindoh and colleagues ( 15 ) found that the forces sustained during fatiguing contractions by rabbit diaphragm in situ were threefold greater than in the present study (-50%), suggesting that N-acetylcysteine effects may vary among individual muscles or among species. It may be possible to enhance the action of N-acetylcysteine by using a different mode of administration. For intravenous infusion, an equilibration period before fatigue trials might allow greater N-acetylcysteine uptake from the vascular compartment and thereby enhance efficacy. Oral administration of N-acetylcysteine has been shown to increase glutathione levels in plasma, hepatocytes, and bronchoalveolar lavage fluid of humans (28) and also might have beneficial effects on myocytes. Finally, other antioxidant compounds may prove to be more effective against fatigue than N-acetylcysteine. Supplementation of antioxidant nutrients (e.g., selenium, vitamin c, alpha tocopherol) generally has not increased human endurance during exercise (6-9) but other antioxidants are approved for human administration, e.g., allopurinol, native and esterified glutathione, superoxide dismutase, and lazaroids (34) , and may prove beneficial. To date, however, none has been tested for effects on human muscle function or exercise performance.
Therapeutic applications of N-acetylcysteine will be limited by side effects of the drug. Volitional performance of simple MVC maneuvers was unaffected by N-acetylcysteine administration; however, losses in CNS function (e.g., dynamic balance, motor control) and the distraction of systemic reactions (nausea, dysphoria, etc.) would have seriously complicated the performance of whole-body exercise (e.g., cycling, running). It is likely that the side effects of N-acetylcysteine would outweigh direct effects on muscle endurance, causing a paradoxical decrease in exercise performance. Continued research may identify an effective antioxidant with lesser side effects but our experience suggests that N-acetylcysteine is more useful as an experimental tool than as an ergogenic aid.
Summary and conclusions. This study demonstrates that Nacetylcysteine inhibits fatigue of human tibialis anterior during repetitive, low-frequency electrical stimulation. N-acetylcysteine did not alter other aspects of muscle function, i.e., fatigue during high-frequency stimulation, acute recovery from fatigue, strength of unfatigued muscle, or contractile properties. The importance of these findings is twofold. First, our data indicate that oxidative stress may play a causal role in human muscle fatigue. Previous measurements of glutathione oxidation and lipid peroxidation therefore may reflect a cause of fatigue in exercising humans and not simply a deleterious effect. Second, positive effects of antioxidant pretreatment have important practical implications for the fields of exercise physiology, restorative neurology, and sports medicine wherein antioxidant administration may provide a novel intervention for experimental or therapeutic use.
